In this study, we aimed to determine the protective effects of hesperidin, a citrus flavonoid, in a model of testicular ischemia/reperfusion injury in rats. Material and methods: Forty-two pubertal male Wistar-Albino rats were divided into six groups: group 1 -control; group 2 -50 mg/kg hesperidin (low dose hesperidin) used without torsion (LH group); group 3 -100 mg/kg hesperidin without torsion (HH group); group 4 -torsion/detorsion group (T/D); group 5 -T/D + 50 mg/kg hesperidin treatment group (T/D + LH); and group 6 -T/D + 100 mg/kg hesperidin treatment group (T/D + HH). Hesperidin was given to the treatment groups 30 min before detorsion. After the fourth hour of reperfusion, orchiectomy was performed on the rats under anesthesia. The tissue samples were examined histologically and biochemically. Results: In the T/D group testicular malondialdehyde (MDA) levels were increased significantly (p < 0.001) whereas superoxide dismutase (SOD), catalase (CAT) and glutathione (GSH) levels were decreased compared to the control and other groups. However, hesperidin caused the effect of T/D to become closer to normal biochemical values. In addition, the histological examinations showed that T/D caused damage in the testis but hesperidin reduced this effect. The effects of hesperidin were found to be dose dependent. Thus, applying high doses would generate greater therapeutic effects. Conclusions: In a rat testicular T/D model we observed biochemical and histological damage due to ischemia. However, high and low dose applications of hesperidin were shown to have protective effects against this damage. Therefore, the aforementioned citrus flavonoid may provide positive results in cases of testicular torsion.
Introduction
Testicular torsion is an acute surgical emergency that causes severe acute ischemia when the spermatic cord is folded. It can be seen at any age and requires urgent diagnosis and treatment. A significant portion of the patients are children and young men [1] .
Although the most significant complication of testicular torsion is gonad infarction, abnormal semen analysis and apoptosis in the reperfused testis are also seen [1, 2] . Therefore patients should be told about the risk of subfertility.
Testicular torsion causes ischemic injury while detorsion causes reperfusion injury, which creates structural and biochemical changes in the tissue [3] . Reperfusion injury is associated with increase of free oxygen radicals and neutrophil infiltration. Radicals cause cell membrane lipid peroxidation, protein denaturation and DNA damage [4] .
In experimental studies, dehydroepiandrosterone, diclofenac, N-acetylcysteine, morphine, allopurinol, melatonin, caffeic acid and many other pharmacological agents have been used to avoid detorsion damage [4] [5] [6] [7] [8] [9] [10] .
Hesperidin is a significant and effective antioxidant as compared to other flavonoids [11] [12] [13] [14] . Although research has been performed regarding ischemia/reperfusion injury associated with antioxidant activity in many tissues [12] [13] [14] , there are no data about the protective effect of hesperidin against damage after ischemia-reperfusion in testis torsion. Therefore, in this study, we aimed to investigate the biochemical and histological damage caused by testicular torsion/detorsion and the protective effect of hesperidin. Biochemical evaluation of malondialdehyde (MDA), superoxide dismutase (SOD), catalase (CAT) and glutathione (GSH) was performed, and testicular tissue samples were also evaluated.
Material and methods
The study protocol was approved by the Ethics Committee of the Inonu University Committee on Animal Rights (2011/A-64) and was carried out in the Inonu University Experimental Animal Production and Application Center.
In this study, 42 male Wistar-Albino rats, average weight 280 g (range: 250-300 g), were used. Rats were treated in standard plastic cages at a constant temperature (21°C) in an air-conditioned experimental animal laboratory. Before the study, there were no restrictions on water or diet. All rats were treated in a controlled environment in terms of heat and light, and given standard water and food. A heating lamp was used during the study for the prevention of hypothermia.
Study groups and experimental design
On the day of the experiment, the Wistar-Albino rats were randomly categorized into a total of six groups, each group containing seven rats. All groups were anesthetized with xylazine/ketamine. After that, the right testicle and spermatic cord were dissected via a right scrotal incision.
In the next step, the right testis was rotated 720° clockwise for torsion in the testicular torsion groups. In order to maintain the torsion of the testis, tunica albuginea was fixed to the scrotum with a silk suture. The torsion and detorsion protocols lasted for 5 h. Right testis orchiectomy was performed at the end of the protocol. Hesperidin was dissolved in carboxymethyl cellulose (CMC) at a 0.1% concentration and given to the treatment groups via the intraperitoneal method at the 30 th minute of torsion. The 0.1% CMC solution was given to the control groups intraperitoneally.
The study groups of rats are shown in Table I . Right testis removed and testicular torsion was applied. After a period of 1 h ischemia detorsion was applied and 4 h of reperfusion was achieved. This group was used to determine possible effects of detorsion on I/R injury. Group 5: T/D + LH 7 Right testis removed and testicular torsion was applied. After a period of 1 h ischemia detorsion was applied and 4 h of reperfusion was achieved. 50 mg/ kg i.p. hesperetin was given 30 min before detorsion. This group was used to determine possible effects of 50 mg/kg hesperetin on testicular I/R injury. Group 6: T/D + HH 7 Right testis removed and testicular torsion was applied. After a period of 1 h ischemia detorsion was applied and 4 h of reperfusion was achieved. 100 mg/ kg i.p. hesperetin was given 30 min before detorsion. This group was used to determine possible effects of 100 mg/kg hesperetin on testicular I/R injury.
Biochemical assays
The homogenization of tissues was carried out in a Teflon glass homogenizer in 150 mM KCl (pH 7.4) to obtain a 1 : 10 (w/v) dilution of the entire homogenate. The homogenates were centrifuged at 18,000 g (4°C) for 30 min and at 25,000 g for 50 min. The levels of MDA, as an index of lipid peroxidation, were determined via thiobarbituric acid reaction using the method of Yagi [15] . The product was evaluated spectrophotometrically at 532 nm, and the results were expressed as nanomoles per gram of tissue. The reduced GSH content of the kidney homogenate was measured at 412 nm using the method of Sedlak and Lindsay [16] and expressed as nanomoles per milliliter of tissue. Copper-zinc SOD activity was measured via the inhibition of nitroblue tetrazolium reduction due to O 2 generated by the xanthine/xanthine oxidase system [17] . The product was evaluated spectrophotometrically at 560 nm, and the results were expressed as units per milligram of protein. The CAT activity levels of the tissues were determined according to the method of Aebi [18] . The enzymatic decomposition of H 2 O 2 was directly followed by a decrease in absorbance at 240 nm. The enzyme activities were expressed as k/mg of protein. Tissue protein content was determined according to the method developed by Lowry et al. [19] using bovine serum albumin as a standard.
Histological analysis
In the testicles exposed to ischemia during torsion, color changes were observed due to edema and venous stasis. In the testes given detorsion, improvement was observed in the color of the testes in a short time. The testicular tissue samples were sent to a pathology laboratory in 10% formaldehyde. Macroscopically sampled tissues were embedded in paraffin and 5-micron thick sections were cut after routine tissue processing. Sections were stained using a hematoxylin eosin staining procedure and then evaluated via light microscopy. Microscopically, an assessment of the presence/ absence of edema, congestion and hemorrhage was performed, and changes in the seminiferous tubules and germinal cells were graded according to the classification of Cosentino et al. [20] .
Grading criteria for the histopathologic findings:
Grade I: normal testicular tissue. Grade II (low impact): loss of cohesion in germinal cells, tightening of the seminiferous tubules.
Grade III (moderate impact): irregular, dispersed, shrunken germinal cells, pyknotic nuclei, impaired borders of the seminiferous tubules.
Grade IV (severe impact): irregular, damaged seminiferous tubules filled with coagulation necrosis in germ cells.
Statistical analysis
The Statistical Package for the Social Sciences 15.0 (SPSS 15.0, Chicago, IL, USA) for Windows was used for data analysis. A one-way ANOVA test was used to compare the groups; to detect differences between groups, a post doc Duncan's test was applied. A value of p < 0.001 was considered significant.
Results

Biochemical results
The levels of SOD, CAT, GSH and MDA for the rat testes are given in Table II . MDA values in the T/D group were significantly increased compared to those of the hesperidin and control groups (p < 0.001). Tissue MDA levels were found to be decreased in the T/D + LH and T/D + HH groups. In addition, dose-dependent MDA level differences were not observed between groups 2 and 3 or 5 and 6.
Testicular GSH, SOD and CAT enzyme activity levels were significantly decreased in the T/D treated group (p < 0.001). A significant difference in the SOD enzyme activity levels was observed in groups 5 and 6 (p < 0.001); however, differences in GSH and CAT levels were insignificant.
Histopathological results
Histopathologically, the rats in the control group had essentially normal seminiferous tubule morphology (Figure 1 ). In the T/D group (group 4), the lesions varied among grades 2 (Figures 2 and 3) , 3 and 4. In this group edema, congestion hemorrhage between the seminiferous tubules and necrosis of the germinal cells were the predominant features in the sections (Figures 4-7) . When the T/D-HH and T/D groups were compared, in the T/D-HH group, grade 1 was found to be increased (3/7) and grade 3-4 injury was found to be decreased (0/7).
In the T/D group, various pathology grade changes in the seminiferous tubules were observed. In addition, grade 4 injury was only observed in the T/D group. Histopathological evaluation of the findings are shown in Table III .
Discussion
Testicular torsion is typically seen in young men and is characterized by a loss of circulation due to the testicular vascular pedicle turning around. It is a urological emergency that can result in the loss of the related gonad [21] .
Edema, hemorrhage and arterial obstruction develop due to the deterioration of venous drainage during testicular detorsion/torsion, and tissue ischemia occurs due to a decrease in blood flow. Previous studies have shown that in 720° torsion, blood flow stops irreversibly, and complete ischemia occurs [22] . Akgür et al. [23] found that in their rat model of 720° unilateral left testis torsion, reperfusion injury developed biochemically up to 5 h after detorsion. Cosentino et al. [20] determined that after 3 h of 720° torsion, testicular blood flow will not return, and serious changes such as tissue necrosis are seen. Also, irreversible injury and necrosis have been observed in the testicles after 2 h of arterial or 6 h of venous obstruction [23] . Turner et al. [24] found that lipid peroxidation is significantly increased after 4 h of reperfusion. Akgür et al. [25] also obtained results that were consistent with Turner's study. On the whole, at least 4-5 h of 720° torsion causes enough testicular tissue injury ischemic effect in testis in rats. In our study testes were exposed after 1 h of torsion and 4 h of detorsion. The basic mechanism of ischemia-induced tissue damage due to oxidative stress has been shown in recent studies. The testes are highly sensitive to oxidative stress due to their physiological and anatomical structures. Therefore, serious oxidative damage occurs due to ischemia and reperfusion after torsion, and a reduction in lifetime reproductive function and efficiency has been reported in adolescents [25] . Tissue lipid peroxide content is the most important indicator of ischemia/reperfusion (I/R), and the best way to demonstrate this is via MDA level measurement. Studies show that as the duration of testis I/R increases, this significantly increases testicular tissue MDA levels, which causes oxidative damage [6, 9, 25, 26] . Erdemir et al. found that MDA levels increased significantly in the torsion group as compared to the control group [9] . Likewise, Bozlu et al. [27] reported that MDA levels in testicular tissue increased 4 h after the start of reperfusion. However, SOD and CAT enzyme levels, which are one of the antioxidant defense systems in testicular tissue, and GSH levels were decreased significantly compared to the control and other groups. In their study, Raju et al. observed that MDA levels in the T/D group were increased compared to those in the treatment groups [26] .
Although there are many studies on the treatment of testicular torsion, none of them used hesperidin. Today, hesperidin is used as a microcapillary regulator in varicose veins and hemorrhoids. Schoab et al. showed that in patients with chronic venous insufficiency, diosmin-hesperidin promotes wound healing and shortens recovery time [28] . In their meta-analysis, Trent et al. [29] found that in patients with chronic venous insufficiency, in addition to conventional therapy, the administration of diosmin-hesperidin was rapidly effective in reducing the symptoms associated with ulcers and ulcer size when compared to those treated with only conventional therapy. In our study, hesperidin applications in both high and low doses reduced the level of MDA, which is increased due to torsion, and SOD, CAT and GSH levels were found to increase to some degree. These results show that hesperidin may reverse the oxidative damage induced by torsion via its antioxidant properties.
Interstitial edema develops during the early stages of testicular torsion [27] . In our study, the first changes, such as edema and congestion, were observed after torsion. This may indicate that venous circulation is responsible for any damage caused by testicular torsion. A histopathological evaluation was performed according to the classification of Cosentino et al. [20] . In our study, all of the rats in the control group are in grade 1, while the histopathological evaluation of testicular tissue damage in the testicular torsion group showed grade 2, 3 and 4 damage, indicating that a torsion model was achieved. At the end of all experiments, hemorrhage-dependent color variation was observed via macroscopy in the testicles to which torsion was applied. Vascular congestion and edema were observed in the early postoperative period due to sudden changes in circulation. This may have been because testicular torsion initially collapses the veins and arteries, ultimately resulting in edema, which could cause hemorrhagic infarction or ischemia in the testis. In our study, Stage 4 damage was only observed in the T/D group. T/D-LH and T/D-HH groups were compared with the T/D group; there was no severe pathological effects, and the degree of damage was lower in the hesperidin-treated groups (Figures 2 and 3 ). This demonstrated the protective effect of hesperidin.
In conclusion, in this study, hesperidin, an antioxidant and anti-inflammatory agent, and its effect on ischemia-reperfusion injury due to testicular torsion-detorsion were studied for the first time. This drug was administered to two groups, in two different doses; the MDA levels of both groups were found lower when compared to that of the I/R group. These data show that hesperidin reduces the effects of I/R damage in the setting of T/D. In the hesperidin group, the degree of damage was found to be lower. Therefore hesperidin could be used as a novel agent in the treatment of ischemia/reperfusion injury due to testicular torsion. However, further studies are needed to verify these results.
